Sequencing of 50 Human Exomes
Reveals Adaptation to High Altitude
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Residents of the Tibetan Plateau show heritable adaptations to extreme altitude. We sequenced

50 exomes of ethnic Tibetans, encompassing coding sequences of 92% of human genes,

with an average coverage of 18x per individual. Genes showing population-specific allele frequency
changes, which represent strong candidates for altitude adaptation, were identified.

The strongest signal of natural selection came from endothelial Per-Arnt-Sim (PAS) domain protein

1 (EPAS1), a transcription factor involved in response to hypoxia. One single-nucleotide polymorphism
(SNP) at EPAS1 shows a 78% frequency difference between Tibetan and Han samples, representing the
fastest allele frequency change observed at any human gene to date. This SNP’s association with
erythrocyte abundance supports the role of EPASI in adaptation to hypoxia. Thus, a population
genomic survey has revealed a functionally important locus in genetic adaptation to high altitude.

of environments may have involved both
cultural and genetic adaptation. Among
the most severe environmental challenges to
confront human populations is the low oxygen
availability of high-altitude regions such as the
Tibetan Plateau. Many residents of this region
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live at elevations exceeding 4000 m, experiencing
oxygen concentrations that are about 40% lower
than those at sea level. Ethnic Tibetans possess
heritable adaptations to their hypoxic environ-
ment, as indicated by birth weight (/), hemo-
globin levels (2), and oxygen saturation of blood
in infants (3) and adults after exercise (4). These
results imply a history of natural selection for
altitude adaptation, which may be detectable from
a scan of genetic diversity across the genome.
We sequenced the exomes of 50 unrelated in-
dividuals from two villages in the Tibet Autono-
mous Region of China, both at least 4300 m in
altitude (). Exonic sequences were enriched with
the NimbleGen (Madison, WI) 2.1M exon capture
array (6), targeting 34 Mb of sequence from exons
and flanking regions in nearly 20,000 genes.
Sequencing was performed with the Illumina
(San Diego, CA) Genome Analyzer II platform,
and reads were aligned by using SOAP (7) to the
reference human genome [National Center for
Biotechnology Information (NCBI) Build 36.3].
Exomes were sequenced to a mean depth of
18x (table S1), which does not guarantee confident
inference of individual genotypes. Therefore, we
statistically estimated the probability of each pos-
sible genotype with a Bayesian algorithm (5) that

also estimated single-nucleotide polymorphism
(SNP) probabilities and population allele frequen-
cies for each site. A total of 151,825 SNPs were
inferred to have >50% probability of being var-
iable within the Tibetan sample, and 101,668 had
>99% SNP probability (table S2). Sanger se-
quencing validated 53 of 56 SNPs that had at least
95% SNP probability and minor allele frequencies
between 3% and 50%. Allele frequency estimates
showed an excess of low-frequency variants (fig.
S1), particularly for nonsynonymous SNPs.

The exome data was compared with 40 ge-
nomes from ethnic Han individuals from Beijing
[the HapMap CHB sample, part of the 1000 ge-
nomes project (http:/1000genomes.org)], sequenced
to about fourfold coverage per individual. Beijing’s
altitude is less than 50 m above sea level, and
nearly all Han come from altitudes below 2000 m.
The Han sample represents an appropriate com-
parison for the Tibetan sample on the basis of
low genetic differentiation between these samples
(Fst = 0.026). The two Tibetan villages show min-
imal evidence of genetic structure (Fsr = 0.014),
and we therefore treated them as one population for
most analyses. We observed a strong covariance
between Han and Tibetan allele frequencies (Fig. 1)
but with an excess of SNPs at low frequency in
the Han and moderate frequency in the Tibetans.

Population historical models were estimated
(8) from the two-dimensional frequency spec-
trum of synonymous sites in the two populations.
The best-fitting model suggested that the Tibetan
and Han populations diverged 2750 years ago,
with the Han population growing from a small
initial size and the Tibetan population contracting
from a large initial size (fig. S2). Migration was
inferred from the Tibetan to the Han sample, with
recent admixture in the opposite direction.

Genes with strong frequency differences be-
tween populations are potential targets of natural
selection. However, a simple ranking of Fsr values
would not reveal which population was affected
by selection. Therefore, we estimated population-
specific allele frequency change by including a
third, more distantly related population. We thus
examined exome sequences from 200 Danish in-
dividuals, collected and analyzed as described for
the Tibetan sample. By comparing the three pair-
wise Fgr values between these three samples, we
can estimate the frequency change that occurred
in the Tibetan population since its divergence
from the Han population (5, 9). We found that
this population branch statistic (PBS) has strong
power to detect recent natural selection (fig. S3).

Genes showing extreme Tibetan PBS values
represent strong candidates for the genetic basis
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Fig. 1. Two-dimensional unfolded site frequency spectrum for SNPs in Tibetan (x axis) and Han (y axis)
population samples. The number of SNPs detected is color-coded according to the logarithmic scale
plotted on the right. Arrows indicate a pair of intronic SNPs from the EPAS1 gene that show strongly
elevated derived allele frequencies in the Tibetan sample compared with the Han sample.
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of altitude adaptation. The strongest such signals
include several genes with known roles in oxy-
gen transport and regulation (Table 1 and table
S3). Overall, the 34 genes in our data set that
fell under the gene ontology category “response
to hypoxia” had significantly greater PBS values
than the genome-wide average (P = 0.00796).
The strongest signal of selection came from the
endothelial Per-Arnt-Sim (PAS) domain protein
1 (EPASI) gene. On the basis of frequency dif-
ferences among the Danes, Han, and Tibetans,
EPASI was inferred to have a very long Tibetan
branch relative to other genes in the genome (Fig.
2). In order to confirm the action of natural selec-
tion, PBS values were compared against neutral
simulations under our estimated demographic
model. None of one million simulations surpassed

10 the PBS value observed for EPAS], and this result

remained statistically significant after accounting
for the number of genes tested (P < 0.02 after
Bonferroni correction). Many other genes had un-
corrected P values below 0.005 (Table 1), and,
although none of these were statistically significant
after correcting for multiple tests, the functional
enrichment suggests that some of these genes may
also contribute to altitude adaptation.

EPASI is also known as hypoxia-inducible
factor 20, (HIF-2a). The HIF family of transcrip-
tion factors consist of two subunits, with three

Table 1. Genes with strongest frequency changes in the Tibetan population. The top 30 PBS values for the Tibetan branch are listed. Oxygen-related
candidate genes within 100 kb of these loci are noted. For FXYD, F indicates Phe; Y, Tyr; D, Asp; and X, any amino acid.

Gene Description Nearby candidate PBS P value

EPAS1 Endothelial PAS domain protein 1 (HIF-20) (Self) 0.514 <0.000001
Clorf124 Hypothetical protein LOC83932 EGLN1 0.277 0.000203
DISC1 Disrupted in schizophrenia 1 EGLN1 0.251 0.000219
ATP6V1E2 Adenosine triphosphatase (ATPase), H+ transporting, lysosomal 31 kD, V1 EPAS1 0.246 0.000705
SPP1 Secreted phosphoprotein 1 0.238 0.000562
PKLR Pyruvate kinase, liver, and RBC (Self) 0.230 0.000896
C4orf7 Chromosome 4 open reading frame 7 0.227 0.001098
PSME2 Proteasome activator subunit 2 0.222 0.001103
OR10X1 Olfactory receptor, family 10, subfamily X SPTA1 0.218 0.000950
FAM9C Family with sequence similarity 9, member C TMSB4X 0.216 0.001389
LRRC3B Leucine-rich repeat—containing 3B 0.215 0.001405
KRTAP21-2 Keratin-associated protein 21-2 0.213 0.001470
HIST1IH2BE Histone cluster 1, H2be HFE 0.212 0.001568
TTLL3 Tubulin tyrosine ligase-like family, member 3 0.206 0.001146
HIST1IH4B Histone cluster 1, H4b HFE 0.204 0.001404
ACVR1B Activin A type IB receptor isoform a precursor ACVRL1 0.198 0.002041
FXYD6 FXYD domain—containing ion transport regulator 0.192 0.002459
NAGLU Alpha-N-acetylglucosaminidase precursor 0.186 0.002834
MDH1B Malate dehydrogenase 1B, nicotinamide adenine dinucleotide (NAD) (soluble) 0.184 0.002113
OR6Y1 Olfactory receptor, family 6, subfamily Y SPTA1 0.183 0.002835
HBB Beta globin (Self), HBG2 0.182 0.003128
071X1 Orthodenticle homeobox 1 0.181 0.003235
MBNL1 Muscleblind-like 1 0.179 0.002410
IFI27L1 Interferon, alpha-inducible protein 27-like 1 0.179 0.003064
C18orf55 Hypothetical protein LOC29090 0.178 0.002271
RFX3 Regulatory factor X3 0.176 0.002632
HBG2 G-gamma globin (Self), HBB 0.170 0.004147
FANCA Fanconi anemia, complementation group A (Self) 0.169 0.000995
HISTIH3C Histone cluster 1, H3c HFE 0.168 0.004287
TMEM206 Transmembrane protein 206 0.166 0.004537
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alternate o subunits (HIF-1a, HIF-20/EPASI,
HIF-30) that dimerize with a 8 subunit encoded
by ARNT or ARNT2. HIF-1o. and EPAS] each act
on a unique set of regulatory targets (/0), and the
narrower expression profile of EPAS! includes
adult and fetal lung, placenta, and vascular endo-
thelial cells (/7). A protein-stabilizing mutation
in EPASI is associated with erythrocytosis (/2),
suggesting a link between £PAS] and the regu-
lation of red blood cell production.

Although our sequencing primarily targeted
exons, some flanking intronic and untranslated re-
gion (UTR) sequence was included. The EPAS!
SNP with the greatest Tibetan-Han frequency dif-
ference was intronic (with a derived allele at 9%
frequency in the Han and 87% in the Tibetan sam-
ple; table S4), whereas no amino acid—changing
variant had a population frequency difference of
greater than 6%. Selection may have acted directly
on this variant, or another linked noncoding var-
iant, to influence the regulation of £P4S]. Detailed
molecular studies will be needed to investigate the
direction and the magnitude of gene expression
changes associated with this SNP, the tissues and
developmental time points affected, and the down-
stream target genes that show altered regulation.

Associations between SNPs at EPAS] and
athletic performance have been demonstrated
(13). Our data set contains a different set of SNPs,
and we conducted association testing on the SNP
with the most extreme frequency difference, lo-
cated just upstream of the sixth exon. Alleles at
this SNP tested for association with blood-related
phenotypes showed no relationship with oxygen
saturation. However, significant associations were
discovered for erythrocyte count (F test P =
0.00141) and for hemoglobin concentration (F
test P = 0.00131), with significant or marginally
significant P values for both traits when each

A

village was tested separately (table S5). Compar-
ison of the EPASI SNP to genotype data from
48 unlinked SNPs confirmed that its P value is a
strong outlier (5) (fig. S4).

The allele at high frequency in the Tibetan sam-
ple was associated with lower erythrocyte quan-
tities and correspondingly lower hemoglobin levels
(table S4). Because elevated erythrocyte produc-
tion is a common response to hypoxic stress, it may
be that carriers of the “Tibetan” allele of EPAS] are
able to maintain sufficient oxygenation of tissues at
high altitude without the need for increased eryth-
rocyte levels. Thus, the hematological differences
observed here may not represent the phenotypic
target of selection and could instead reflect a side
effect of EPASI-mediated adaptation to hypoxic
conditions. Although the precise physiological mech-
anism remains to be discovered, our results sug-
gest that the allele targeted by selection is likely
to confer a functionally relevant adaptation to the
hypoxic environment of high altitude.

We also identified components of adult and
fetal hemoglobin (BB and HBG2, respectively)
as putatively under selection. These genes are
located only ~20 kb apart (fig. S5), so their PBS
values could reflect a single adaptive event. For
both genes, the SNP with the strongest Tibetan-
Han frequency difference is intronic. Although
altered globin proteins have been found in some
altitude-adapted species (/4), in this case regu-
latory changes appear more likely. A parallel re-
sult was reported in Andean highlanders, with
promoter variants at //BG2 varying with altitude
and associated with a delayed transition from
fetal to adult hemoglobin (/75).

Aside from HBB, two other anemia-associated
genes were identified: FANCA and PKLR, asso-
ciated with erythrocyte production and main-
tenance, respectively (16, 17). We also identified
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Fig. 2. Population-specific allele frequency change. (A) The distribution of Fs-based PBS statistics for the
Tibetan branches, according to the number of variable sites in each gene. Outlier genes are indicated in
red. (B) The signal of selection on EPAS1: Genomic average Fs;-based branch lengths for Tibetan (T), Han
(H), and Danish (D) branches (left) and branch lengths for EPASI, indicating substantial differentiation

along the Tibetan lineage (right).

REPORTS

genes associated with diseases linked to low
oxygen during pregnancy or birth: schizophrenia
(DISCI and FXYD6) (18, 19) and epilepsy (OTX1)
(20). However, the strong signal of selection af-
fecting DISCI, along with Clorf124, might in-
stead trace to a regulatory region of EGLNI, which
lies between these loci (fig. S5) and functions in
the hypoxia response pathway (27).

Other genes identified in this study are also
located near candidate genes. OR10X1 and OR6Y1
are within ~60 kb of the SPTA! gene (fig. S5),
which is associated with erythrocyte shape (22).
Additionally, the three histones implicated in
this study (Table 1) are clustered around HFE
(fig. SS), a gene involved in iron storage (23).
The influence of population genetic signals on
neighboring genes is consistent with recent and
strong selection imposed by the hypoxic envi-
ronment. Stronger frequency changes at flanking
genes might be expected if adaptive mutations
have targeted candidate gene regulatory regions
that are not near common exonic polymorphisms.

Of the genes identified here, only EGLNI was
mentioned in a recent SNP variation study in
Andean highlanders (24). This result is consistent
with the physiological differences observed be-
tween Tibetan and Andean populations (25),
suggesting that these populations have taken largely
distinct evolutionary paths in altitude adaptation.

Several loci previously studied in Himalayan
populations showed no signs of selection in our
data set (table S6), whereas EPAS] has not been
a focus of previous altitude research. Although
EPASI may play an important role in the oxygen
regulation pathway, this gene was identified on
the basis of a noncandidate population genomic
survey for natural selection, illustrating the utility
of evolutionary inference in revealing functional-
ly important loci.

Given our estimate that Han and Tibetans
diverged 2750 years ago and experienced subse-
quent migration, it appears that our focal SNP at
EPASI may have experienced a faster rate of fre-
quency change than even the lactase persistence
allele in northern Europe, which rose in frequency
over the course of about 7500 years (26). EPAS!
may therefore represent the strongest instance of
natural selection documented in a human popu-
lation, and variation at this gene appears to have
had important consequences for human survival
and/or reproduction in the Tibetan region.
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